Abstract. Trichohepatoenteric syndrome (THES) is a rare autosomal, recessively inherited disorder. Mutations in the tetratricopeptide repeat domain 37 (TTC37) gene and the superkiller viralicidic activity 2-like (SKIV2L) gene have been identified to cause THES. The present study reported a case of a Chinese boy, who presented clinically with intrauterine growth retardation, intractable diarrhea, facial dysmorphism, abnormal scalp hair shafts, immune disorders and liver involvement. Targeted next-generation sequencing and Sanger DNA sequencing showed compound heterozygous mutations of the SKIV2L gene. The present study was the first, to the best of our knowledge, to report a case of a boy with THES resulting from compound heterozygous mutations of the SKIV2L gene in China. Target sequence capture combined with high-throughput next-generation sequencing technologies have shown to be effective methods for the molecular genetic assessment of rare inherited disorders.
Introduction
Trichohepatoenteric syndrome (THES; MIM 222470), also termed syndromic or phenotypic diarrhea, is an autosomal, recessively inherited disorder with an estimated incidence of 1/300,000-400,000 live births (1) (2) (3) (4) (5) . This syndrome was first recognized in 1982, with a report on two siblings, who were described as having unexplained diarrhea and failure to thrive, with facial dysmorphism and abnormal scalp hair shafts (6) . This syndrome was initially described by Verloes et al (7) in 1997 as a different syndrome. THES is characterized by intractable diarrhea, facial dysmorphism, intrauterine growth retardation, immunodeficiency and hair abnormalities. Hepatic involvement varies from no abnormality to cirrhosis and hemochromatosis (2, 5, 8) . Previously, mutations in the tetratricopeptide repeat domain 37 (TTC37) gene and the superkiller viralicidic activity 2-like (SKIV2L) gene have been identified to cause THES (9, 10) . In 2010, the TTC37 gene on chromosome 5 was identified as the causative gene for THES (4) . Genetic heterogeneity in THES has previously been documented, with causative mutations also identified in the SKIV2L gene (9) .
The present study reported the case of a Chinese boy with THES resulting from compound heterozygous mutations of the SKIV2L gene. Genetic analysis of his family was also performed, and his parents appeared to be healthy, but carried heterozygous mutations. The findings in the present study, which are associated with phenotype and the new point mutation in the SKIV2L gene, will increase our understanding of the characteristics of THES in the Chinese population.
Materials and methods
Peripheral blood collection and preparation. At the age of 17 months, the proband was hospitalized in our department due to intractable diarrhea, severe protein energy malnutrition and failure to thrive. During this hospitalization, peripheral blood samples were collected from the proband and his parents. A 2-4 ml volume of peripheral blood was collected in disposable vacuum tubes for genetic analysis. Genomic DNA was isolated from peripheral leukocytes under standard methods using a DNA isolation kit (Tiangen, China), according to the manufacturer's protocol The study protocol was approved by the ethics committee of the Children's Hospital of Nanjing Medical University (Nanjing, China). Written informed consent was obtained from the proband and his parents for publication of the case report and any accompanying images. 
Results
Proband description. The proband was Han Chinese, was born at 35 weeks of gestational age with a birth weight of 1,480 g (<3rd centile) and was the first child of non-consanguineous parents; the mother had previously experienced three spontaneous abortions. Following birth, he was placed in an infant incubator and received artificial feeding. He reached a weight of 2,200 g at 4 weeks, and then suffered from watery diarrhea (10 times a day) and fever. The diarrhea was treated using protein hydrolysate, lactose-free formulas and rehydration, however, the diarrhea returned when the patient was fed with premature formula or normal infant formula. The diarrhea was described as watery, mucoid and occasionally bloody, and occurred between 5-10 times a day.
At 3 months of age, the patient suffered from an incarcerated oblique inguinal hernia and underwent surgical treatment with herniotomy and inguinal hernia repair. At 3 days-post surgery, he developed a severe lower respiratory tract infection and pleural effusion. Ascites and liver cirrhosis were also recorded in the course of the disease. At the age of 17 months old, he was hospitalized in our department (the Department of Gastroenterology, Nanjing Children's Hospital Affiliated to Nanjing Medical University, Nanjing, China) due to intractable diarrhea, severe protein energy malnutrition and failure to thrive. His physical examination demonstrated the following: Body weight, 6,500 g (<3rd centile); height, 71 cm (<3rd centile); poorly pigmented wooly hair; facial dysmorphism, including squared forehead, prominent cheeks, a broad nasal root and hypertelorism (Fig. 1) . The liver was palpable 4 cm under the right costal margins. No mental retardation was noted. Conventional light microscopic analysis of the hair shaft revealed trichorrhexis nodosa (Fig. 1) .
Laboratory investigations were performed to evaluate the proband's chronic diarrhea and failure to thrive, which found the following: Stool microscopy revealed 7-8 leukocytes/high power field and no parasites; stool cultures were negative for enteropathogens. The patient's complete blood count, liver enzymes, renal function tests and lipid profile were all within the normal range. Low immunoglobulin G, M, C3 and C4 levels were noted, and T cell immune functions showed a profile of high CD4 + lymphocytes, low CD8 + lymphocytes, high CD4 + /CD8 + cells and low natural killer cells. Metabolic evaluations, including tandem mass spectrometry, urine-blood amino acids and serum ammonia, were normal. The serum levels of α-1-antitrypsin and ceruloplasmin were normal. Viral markers, including cytomegalovirus and hepatitis A, B and C, were all negative. Abdominal ultrasonography revealed hepatomegaly and cirrhosis.
Identification of a candidate mutation and genetic analysis.
A length of ~4.2 kb of the coding regions and the adjacent noncoding regions of the SKIV2L gene (all exons) of the proband were captured, sequenced and analyzed in the present study. The sequence depth for each exon of the SKIV2L gene is shown in Fig. 2A , and the median depth across 28 exons was 68x. The successful detection coverage included 100% of the SKIV2L gene exons. The sequencing identified two candidate variants, a novel mutation (c.1891G>A) and a previously reported mutation (c.1120C>T), in the exon regions of the SKIV2L gene, which causes THES.
To confirm the single-nucleotide substitution mutations (c.1120C>T and c.1891G>A; SKIV2L; NM_600478), Sanger sequencing of the proband and his parents was performed. The two substitution variants in the SKIV2L gene were confirmed in the proband. Using the identical PCR primers and analysis with direct DNA sequencing, the c.1120C>T variant in the SKIV2L gene was detected in the DNA from his mother. The c.1891G>A variant in the SKIV2L gene was found in the 
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genomic DNA of his father, who was a carrier for the mutation (Fig. 2B) .
The c.1120C>T variant resulted in the change of arginine to a termination codon at codon 374 of the SKIV2L protein (p.374R>X), which was recorded in the SNP database (rs200818962). The novel SKIV2L mutation (c.1891G>A) caused a single glycine (Gly)-to-serine (Ser) change at amino acid 631 of the SKIV2L protein (p.631Gly>Ser). Phylogenetic analysis indicated that Gly at position 631 was highly conserved, even in the evolutionarily distant species of P. troglodytes, M. mulatta, F. catus, M. musculus, T. rubripes, D. rerio, D. melanogaster and X. tropicalis (Fig. 3) . Furthermore, the Gly-to-Ser substitution at position 631 of the SKIV2L protein was predicted to affect the function of the protein, according to analyses using SIFT and PolyPhen-2. This mutation was predicted to be potentially damaging, with a score of 1.00 (probably damaging) by PolyPhen-2 and 0.00 (damaging) by SIFT. Taken together, this evidence indicated that p.631Gly>Ser was a pathogenic mutation associated with THES in the proband.
Discussion
Intractable severe diarrhea accompanied by phenotypic abnormalities and liver cirrhosis in infants is associated with THES. The prognosis of THES is poor, with >25% of patients currently reported to succumb to mortality between the ages of 2-5 years, a proportion of which with early-onset cirrhosis. However, case reports have described improved survival rates, with long-term parenteral nutrition (PN)-dependency or PN weaning in certain cases. The patient described in the present study was considered to have THES, based on his intrauterine growth retardation, intractable diarrhea, facial dysmorphism, abnormal scalp hair shafts, trichorrhexis nodosa, immune disorders and liver cirrhosis.
Lee et al (11) isolated genomic clones and mapped the human homolog of the SKI2 gene to 6p21 using fluorescence in situ hybridization. Using genomic sequence analysis, Yang et al (12) determined that SKIV2L is a polymorphic gene, which spans 11 kb and contains 28 exons (11). Fabre et al (10) sequenced the candidate gene, SKIV2L, in six unrelated patients with typical THES, who were known to be negative for mutations in the TTC37 gene, and identified homozygosity or compound heterozygosity for eight different mutations in all patients. To date, 12 mutations of the SKIV2L gene associated with THES have been found in the Human Gene Mutation Database (http://www. hgmd.cf.ac.uk/ac/gene.php?gene=SKIV2L). The present study provided the first report, to the best of our knowledge, of a novel missense mutation, c.1891G>A, which resulted in a Gly-to-Ser change at amino acid 631 (p.631Gly>Ser) in the encoded protein.
The results of analyses using the two online software programs, PolyPhen-2 and SIFT, suggested that this mutation affected the structure and function of the protein. Furthermore, the novel c.1891G>A missense mutation was shown to be conserved in different species.
Although intractable diarrhea and the requirement for total PN are characteristic features of THES, certain infants have a milder phenotype. Barabino et al (13) reported cases of two patients on oral or enteral feeding at 8 and 7 years of age, respectively. Others have also reported cases of longer-term survival following weaning from PN (1,14) . The present study reported a case of the long-term survival of a patient with THES on oral feeding, suggesting a mild phenotype caused by heterozygous mutations, c.1891G>A and c.1120C>T, of the SKIV2L gene. Hepatic involvement in THES is reported to be variable, ranging from no abnormality to hemochromatosis and cirrhosis (3, 12, 14) . In the course of the 18-month follow-up in the present study, the diarrhea persisted, however, there was no sign of progression of liver disease.
